Abstract-An algorithm for estimating the kinetic energy in the Nordic power system has been presented and compared to the TSOs' estimation based on breaker status. The average error between the TSOs' estimate and the proposed estimate is 0.83%. Furthermore, the standard deviation between the two estimates is 13 GWs, about 7% of the system average kinetic energy. The proposed estimate manages to capture the diurnal variation of the system kinetic energy with a correlation coefficient of 0.94. The total system kinetic energy in 2015 is estimated considering a possible contribution of kinetic energy from wind turbines during a large power imbalance. Lastly, the Nordic kinetic inertia is estimated for 2025, with and without possible contributions from wind, further increasing the released kinetic energy during a n-1 contingency with 22%.
I. INTRODUCTION
Integration of renewable power production and decommissioning of nuclear units causes an increased interest in the kinetic energy available in the synchronous Nordic power systems (NPS). Such a change in generation mix implies a potential reduction in the kinetic energy in the system. The Nordic TSOs have implemented an online inertia estimation tool operating through a SCADA system. The tool keeps track of the breaker positions of synchronously connected generators, their apparent power and their inertia constant. Thereby, the kinetic energy rotating in the system can be estimated. The purpose of this paper is provide a simple estimate of system kinetic energy for future generation scenarios, indicating the risk of too low inertia and possible contributions from wind farms (WFs) utilizing fast frequency response (FFR) algorithms to increase the kinetic energy released during a disturbance. The estimate proposed will present implications due to the change of the Nordic generation mix in 2025 from the one in 2015. Furthermore, the proposed estimate of 2015 will be compared to the estimate implemented by the TSOs.
II. METHOD
Production data from ENTSO-E transparency platform are sorted, depending on generation type, into: hydro, P H , nuclear, P N , thermal, P T , wind, P W and solar, P S in MW [1] . The main assumptions of the inertia estimation are as follows:
1) A generator not scheduled for production for a certain hour has its breaker open and does not run in idle operation. This causes the inertia contribution from nonproducing units to be neglected. 2) All generators, except solar and wind, are working at cos(φ) of 0.9. Solar and wind units are working at unity power factor. 3) Hydro generators are operating at 0.8 pu of the maximum active power rating. 4) All wind turbines are variable speed wind turbines. Thus, small inertia contributions from directly-connected wind turbines, such as induction generator based wind farms, are neglected. 5) All generator units of a certain generation type, i.e. nuclear, hydro, thermal etc. are assigned an average inertia constant for that specific type for each specific country. 6) The contribution from system load inertia e.g. from directly-coupled machines is neglected.
Under these assumptions, the system inertia constant of the Nordic power system (NPS), H sys , can be estimated by
...
where, H type−country represents the average inertia constant of each generation type in each country. Combining (1) with the inertia constants found in Table I , the total Nordic system inertia constant, H sys−nordic , can be estimated for all 8760 h of 2015. Multiplying H sys−nordic with the system base gives in the kinetic energy in the NPS, E k−sys−nordic for 2015. Figure 1 presents the variations in E k−sys−nordic in 2015, reaching its minimum of 117 GWs on 26 July. During a maximum allowed frequency deviation, f nadir =49.0 Hz, the kinetic energy released from synchronous generators can be estimated. Being aware of the system inertia constant and its kinetic energy, it is of interest to know the minimum requirements of the two. A. Minimum level of kinetic energy What is the minimum acceptable level of kinetic energy in the system? To answer this question, the authors of [2] presents a simplified calculation of the impact on frequency nadir, Δf min,pu , as a function of H sys−nordic i.e.,
where, ΔP load,pu represents the change in load or generation, D the load frequency dependence, H sys the system inertia and T d is time constant for the governors responding with FCR-D. Thus, for a lower system inertia (e.g. by integration of variable speed wind turbines (VSWT)) lower frequency nadirs in the system can be expected. Since the minimum frequency allowed is 49.0 Hz (-0.02 pu), the minimum system inertia can be found by
Δfmin,puD ΔP load,pu
utilizing a P load of 1400 MW per system base, S b−se , i.e. the N-1 fault of Sweden (Oskarshamn 3 nuclear power station) and its per unit value is based on the system base, S b−nordic . Then, lacking in order to solve (3) are only two items. The frequency dependence, D, as well as the time constant for the governor responding to the frequency deviation (assumed to be hydro based) represented by T d . The delay time, T d , accounts for the governor and turbine response time is estimated to 2.7 s according to [2] . The load frequency dependence, D, for the Nordic power system is mentioned as 400 MW/Hz in [3] . Thus, its per-unit value varies with the system base, S b−se , assuming a fixed frequency of 50 Hz.
B. Possible wind turbine contribution
Assuming a wind turbine of a GE 3.6 MW DFIG type presented in [4] , as well as considering a controlled inertia response (CIR), ΔP e , provided for a duration of 10 s. The limiting factor for providing the CIR is the minimum rotor speed. This minimum rotor speed decides at what operating point ΔP e of various magnitudes can be delivered. Figure 2 presents the results from simulated events with controlled inertia for a fixed duration but with different magnitudes of controlled inertial power, ΔP e , and a different allowed Assuming that 50% of the WFs are able to release kinetic energy (between 0.025-0.1 pu for 10 s) depending on operation point, the released energy with and without FFR can be estimated. Figure 3 shows the duration curve of the available kinetic energy that can be released during a power imbalance at any hour of the year. When the WFs provide FFR, an overall improved duration curve can be observed when WFs contribute with FFR.
C. Nordic system inertia -comparison against TSOs' estimate
In order to evaluate the behaviour of the inertia estimation it is benchmarked against the Nordic TSOs' inertia estimation tool. Even though it also provides an inertia estimate, its Figure 4 , presents the estimated kinetic energy in the Nordic system, E k−sys−nordic , during the time period of investigation. At 7000 hours, there is noticeable gap in the results due to incoherent production data. Furthermore, the minimum value of the estimated kinetic energy of the period is found to be 133.6 GW, the mean is 210.8 GWs and the maximum value is 284.6 GWs. The area enclosed by vertical bars in Figure 4 represents some of the highest peaks of system inertia during the time period. Figure 5 presents the hourly variations during four days of high inertia estimate enclosed in Figure 4 . This location is one of the worst estimates when comparing to the data provided by the TSOs'. The evening and night times are almost identical, the highest E k−sys−nordic observed is 284.6 GWs, this is an overestimation compared to E k−T SO−nordic of 7%. The main reason for this is believed to come from the aggregation of P T hermal−fi . This contains production data from gas, peat, hard coal and oil units. All aggregated with an inertia constant, H T hermal−fi . During these variations, the Finnish aggregated thermal varies the most among the Nordic countries, especially the Finnish peat, gas and hard coal. This aggregation is believed to have the greatest impact on the error. Figure 6 presents the duration curves of the two estimates. The lack of production data causes the slightly altered shape of the duration curve for E k−sys−nordic . E k−sys−nordic is mainly lower than the TSOs' estimate mainly during night times, rarely under E k−T SO−nordic during day time. This is indicated in the increased max and minimum of E k−sys−nordic in Figure 6 . The average error between the TSOs' estimate and the proposed estimate is 0.8%. Furthermore, the standard deviation between E k−T SO−nordic and E k−sys−nordic is 13 GWs, about 7% of the TSOs' estimate of the average kinetic energy. Figure 7 present the probability of the different kinetic energy estimates, further indicating the increased spread of E k−sys−nordic . Each bin of the histogram is 5 GWs wide starting at 130 GWs and ending at 280 GWs. The overall shape of the two estimate is very similar. One way of evaluating this is by the use of correlation coefficients. The linear correlation coefficient is determined by
Where, r(A, B) is the correlation coefficient between variable A and B, A i and B i is the value of the i th observation, μ and σ is the mean value and the standard deviation respectively and N is the number of total observations [5] . Solving (4) for r(E k−T SO−nordic , E k−sys−nordic ) results in a value of 0.94, Installed SE [7] NO [8] indicating a high correlation between the two, since a value of 1 would indicate a completely linear relationship.
III. FUTURE SCENARIO -2025
Except for the reduction in power system inertia in the Swedish system mainly due to wind integration, several other activities are anticipated in the Nordic synchronous area by 2025. The system development concerns especially the frequency stability of the system. The current largest power imbalance of Oskarshamn 3 is 1400 MW, i.e. the system dimensioning fault, and it is not expected to increase. The new Finnish Olkiluoto nuclear power plant has a largest unit of 1600 MW. However, a 300 MW load is also connected in parallel to this unit. If this nuclear unit is tripped, the load will also be tripped at the same time. Thus, the N-1 in this case amounts to only 1300 MW seen from the grid side [6] . Furthermore, Finland's parliament has authorized the construction of another nuclear unit of 1200 MW, Hanhikivi in Pyhäjoki, which is expected to be completed in 2024. These two Finnish nuclear units almost compensate for the dismantling of the Oskarshamn unit 1 in Sweden, of 1100 MW and Ringhals unit 1 and unit 2, in Sweden, of 1750 MW in total [7] . Table III summarizes the installed capacities of the generation of interest nuclear and wind turbines in the Nordic power system in 2015 and 2025. Utilizing the known system changes based on Table III , the generation mix can be observed for 2025 and hence the system's kinetic energy can be estimated, as well as possible contributions from future WFs.
Some added assumptions for this subsection include: 1) Inertia constants of new nuclear units in Finland are similar to the current ones. 2) No hydro or thermal expansion in the Nordic region.
3) Same production patterns as 2015 scaled by Table III 4) Increased wind power is covered by an increased load and increased export. Following the similar procedure as Section II the system kinetic energy in 2025 can be estimated. Figure 8 shows the estimated system kinetic energy, E k−sys−nordic , in 2025 and 2015. It is clear that the two are similar. This similarity is partly due to the fact that the average Finnish nuclear inertia constant is larger than the 1 [8] Swedish one. Therefore, the nuclear installed capacity in 2025 is replaced with a higher average inertia constant. This higher average cause the total inertia constant to increase, even though there is a negative contribution due to wind integration. This is especially true under the assumption that the load and/or export covers the generation increase from 2015 to 2025. The added wind power could possibly provide even larger contributions than observed in Figure 3 seen to the released kinetic energy in 2025 during a frequency deviation since the increased installed capacity. As expected the minimum kinetic energy released is increased in Figure 9 by 22%. Furthermore, for 50% of the time, the increase in released kinetic energy is 90% when considering the contribution with FFR from an aggregated wind farm in 2025.
IV. DISCUSSION
An estimate of the kinetic energy in the system could, combined with knowledge of reserves, give incentives on the balancing market similar to pay-for-performance structures. Better, more highly qualitative frequency controlling objects could then be scheduled to ensure the frequency stability. Ensuring the frequency stability could give TSOs a variable tool for estimating their need for frequency reserves of various speeds and quality. Therefore, inertia estimation tools could prove to reduce cost for frequency reserves during hours of high kinetic energy or a small n-1 contingency in the system. If utilized in a smaller sub part of a power system a kinetic energy estimate could indicate whether an islanded operation is feasible, whether the sub system could manage its n-1 contingency and recommendations for reserves.
Lastly, if the kinetic energy is deemed to low, inertia could be connected to the power system by simply rotating non producing generators. However, no incentives for such operation are available in the Nordic system today, even though it on some occasions are done for the sake of voltage regulation. Perhaps this is just a matter of time?
V. CONCLUSIONS A tool for the estimation of kinetic energy in the Swedish and Nordic system is proposed. The estimate could be used after the clearing of the day ahead to provide good insight to the upcoming operation challenges facing the TSO.
The trends for the Nordic system kinetic energy for 2015 and 2025 were estimated. The 2025 scenario showed that, under the assumption that all added generation is consumed by a load increase, the kinetic energy would slightly increase after the replacement of Swedish nuclear units by Finnish nuclear. This increase was mainly due to the larger nuclear inertia constant in Finnish plants. However, if the load and import/export were assumed to be constant in 2025, a slight decrease in the system kinetic energy could be observed.
The estimation algorithm was benchmarked against the TSOs' algorithm for 3 months in 2015. The comparison show a high correlation factor of 0.94, an average error of 0.8% and a standard deviation of 13 GWs (7% of the average kinetic energy). The method can be used by the TSOs or the providers of ancillary service to estimate the kinetic energy in the system, and schedule reserves accordingly.
Lastly, the very pessimistic view on solar and wind expansion set by the TSOs in their development plan is likely to alter. However, the suggested method could include FFR from batteries, HVDC links or other more aggressive scenarios for renewable integration to show their impact on the inertia in future power systems.
